Cystic fibrosis is caused by a defect in the cystic fibrosis transmembrane conductance regulator gene (CFTR) in humans. Although cystic fibrosis affects many organ systems, such as the intestinal tract, liver, pancreas, and lung, the vast majority of the morbidity and mortality derives from chronic bronchopulmonary infections with mucoid Pseudomonas aeruginosa. Genetically altered mice bearing a knockout mutation in the murine homologue to CFTR (Cftr) experience greater mortality and an increased inflammatory response compared to their normal littermates in response to challenge with mucoid P. aeruginosa incorporated into agarose beads (13, 14) . The exact reason(s) why Cftr-knockout mice respond differently than wild-type mice has not been fully elucidated.
One possible contributing factor to this difference is the nutritional deficit in cystic fibrosis patients and mice. Patients with pancreatic sufficiency have significantly better pulmonary function for age (5, 24, 28) , though whether this is due to their better nutritional state or to other genetic factors is not clear. However, Konstan and coworkers (16) have shown that a nutritional deficit at age 3 years predicts poorer pulmonary function at age 6 years. Yu and colleagues (30) showed that calorierestricted mice were less able to withstand challenge with P. aeruginosa than those that were nutritionally replete. In addition, they suggested that defective Cftr in the intestinal tract leads to nutritional deficiency, which in turn contributes to compromised host responses to aerosol exposures of nonmucoid P. aeruginosa laboratory strain PAO1 with regard to innate lung defenses, bacterial colonization, and excessive inflammation in the cystic fibrosis respiratory tract (30) . However, studies directly investigating the role of nutrition in the response of Cftr-knockout mice to bronchopulmonary infection with mucoid P. aeruginosa have not been reported.
Others have implicated more-specific nutritional deficits in the excess inflammatory response. Docosahexaenoic acid (DHA) is an essential fatty acid known to down regulate arachidonic acid incorporation into membrane phospholipids (11, 22, 23) . Arachidonic acid is a precursor to potent inflammatory agents (18) . DHA and arachidonic acid compete for the same elongation and desaturation enzymes and for the site of esterification of phospholipids. Cftr-knockout mice exhibit a marked imbalance in phospholipid-bound arachidonic acid and DHA in several organs, including the lung. Correction of the fatty acid imbalance in Cftr-knockout mice has been achieved by supplementing the diet with DHA. Cftr-knockout mice treated in this way normalized their inflammatory response to pulmonary instillation of P. aeruginosa lipopolysaccharide (LPS) (12) , though the response to whole bacteria following DHA supplementation was not tested.
The purpose of this study was to determine if differences in nutrition could alter the response of mice to challenge with mucoid P. aeruginosa. In one study, the inflammatory responses of Cftr-knockout and gut-corrected Cftr-knockout mice (Cftr-knockout mice also bearing the human CFTR transgene driven by the fatty acid-binding promoter, which leads to CFTR expression in the gut) to challenge with mucoid P. aeruginosa-laden agarose beads were compared. In a second study, the diet provided to Cftr-knockout mice (Peptamen) and a fortified rodent chow (Harlan-Teklad solid rodent chow) were fed to wild-type mice, which were then infected with P. aeruginosa-laden agarose beads; the host inflammatory response was then assessed. Measures of inflammation included changes in body weight, cell content of bronchoalveolar lavage fluid (BALF), and levels in epithelial lining fluid (ELF) of inflammatory mediators such as the acute-phase mediators tumor necrosis factor alpha (TNF-␣) and interleukin-1␤ (IL-1␤), the immunomodulatory cytokine IL-6, and the murine neutrophil chemokines macrophage inflammatory protein 2 (mip-2) and keratinocyte chemoattractant (KC). In a third study, dietary supplementation with DHA of Cftr-knockout mice and their wild-type littermates was tested to determine if correction of the fatty acid defect by DHA supplementation would improve survival of the Cftr-knockout mice compared to that of the sham-treated controls when the mice were challenged with P. aeruginosa-laden agarose beads.
MATERIALS AND METHODS
Mice. Breeding pairs of the congenic B6.129P2-Cftr tm1Unc mice (Cftr knockout; stock no. 2196) and STOCK Cftr tm1Unc -TgN(FABPCFTR)#Jaw mice (gut-corrected Cftr knockout; stock no. 2364) were originally obtained from The Jackson Laboratory and maintained by breeding heterozygotes or homozygotes, respectively, by inbreeding (brother-sister mating). C57BL/6J mice were purchased from The Jackson Laboratory and acclimated for at least 3 days prior to initiation of an experiment. Only male mice were used in these experiments.
Mice were maintained in specific pathogen-free conditions and housed in sterilized microisolator units with corncob bedding as described elsewhere (26) . Autoclaved tap water was provided ad libitum. Cftr-knockout mice were fed the liquid diet Peptamen (Nestle Clinical Nutrition, Deerfield, Ill.) after weaning to reduce the incidence of intestinal obstruction experienced by this strain of mice with cystic fibrosis (10) . The breeders were fed solid rodent chow (irradiated Harlan Teklad 7960; Harlan Teklad, Madison, Wis.), and wild-type mice were fed either irradiated Harlan Teklad 7960 or irradiated ProLab RMH 3000 (Purina Mills, Inc., St. Louis, Mo.), both solid rodent chows, unless otherwise indicated.
Growth curve study. Pups from litters of heterozygote breeding pairs of B6.129P2-Cftr tm1Unc mice and pups from litters of breeding pairs of STOCK Cftr tm1Unc -TgN(FABPCFTR)#Jaw mice were weighed once weekly, starting at 7 days of life, by using an electronic balance (Scout series; Ohaus Corp., Florham Park, N.J.). These pups were used for other experiments at the completion of the weighing period, as needed. Mice not needed for other experiments were euthanized by carbon dioxide.
P. aeruginosa-laden agarose beads. Mucoid P. aeruginosa clinical strain PA M57-15, generously provided by Michael Tosi, was embedded into agarose beads as described elsewhere (26) . Briefly, bacteria were grown to late log phase in a shaking incubator at 37°C. Two percent agarose (50 ml of low electroendosmotic agarose; Fisher Scientific, Hanover Park, Ill.) in phosphate-buffered saline (PBS), pH 7.4, was mixed with a 5-ml aliquot of the bacterial broth. The agarosebroth mixture was added to heavy mineral oil that was equilibrated at 50 to 55°C, rapidly stirred for 6 min at room temperature, and then cooled over 10 min. The agarose beads were washed once with 0.5% deoxycholic acid-sodium salt (SDC) in PBS, once with 0.25% SDC in PBS, and 3 to 4 times with PBS. The bead slurry was allowed to settle, and a final volume to 75% of the bead slurry was prepared. Quantitative bacteriology was performed on an aliquot of homogenized bead slurry. Bead diameter was measured by using an inverted light microscope in several fields with the software package Image ProPlus (Media Cybernetics, Baltimore, Md.). P. aeruginosa-laden agarose beads were prepared the day before inoculation and stored overnight at 4°C, and a different bead preparation was used for each experiment.
Inoculating mice with P. aeruginosa-laden agarose beads. Mice were inoculated preferentially into the right mainstem bronchus, as described elsewhere (26) . Briefly, mice were anesthetized with 2.5% Avertin (0.015 ml/g of body wt intraperitoneally), the ventral cervical region was surgically prepared, and a 1-cm skin incision was made just cranial to the thoracic inlet. A 27-gauge 1-in. overthe-needle intravenous catheter (angiocatheter) was used to cannulate the trachea, which was visualized by blunt dissection. The original bead slurries were diluted 10-or 20-fold in sterile PBS for the mice that were to be sacrificed 3 or 10 days after inoculation, respectively. A 0.05-ml aliquot of diluted bead slurry was injected as a bolus. Following inoculation, mice were allowed to recover from the anesthesia. Heat was supplied by careful use of a heat lamp or by use of a circulating-water heating pad (Gaymar T/Pad TP22G and T/Pump set to 38°C; Gaymar Industries Inc., Orchard Park, N.Y.) until the mice were mobile, after which the mice were placed in a fresh, autoclaved microisolator cage.
Evaluation of mice postoperatively. The mice were observed daily for clinical signs such as coat quality, posture, ambulation, hydration status, and body weight. Mice that were moribund (could not right themselves after being placed in lateral recumbency) were sacrificed before termination of the experiment. This was the only clinical sign that could definitely predict death. The mice were sacrificed 3 or 10 days after inoculation by using carbon dioxide narcosis followed by exsanguination. Gross lung pathology was noted. All procedures were approved by Case Western Reserve University's Animal Care and Use Committee, an institution accredited by the Association for Assessment and Accreditation of Laboratory Animal Care-International.
BAL. Following sacrifice, bronchoalveolar lavage (BAL) was performed in situ by using a 22-gauge bead-tipped feeding needle ligated to the trachea to prevent backflow. Lavage was conducted with three 1-ml aliquots of sterile PBS, which were then pooled. Qualitative bacteriology was performed on a 10-l aliquot of unprocessed BALF on tryptic soy agar plates. BALF was treated with 100 mM phenylmethylsulfonyl fluoride and 5 mM EDTA and then centrifuged for 10 min at 100 ϫ g at 4°C. The supernatant was sterile-filtered (22-m syringe filters, Millex-GV; Millipore Corp., Bedford, Mass.) and stored at Ϫ70°C until cytokine analysis could be performed. Pellets were resuspended in 1 ml of PBS. A cell count was performed by using a hemacytometer. Cytocentrifuge preparations (Cytospin 3; Shandon, Pittsburg, Pa.) were stained with hematoxylin and eosin by using standard techniques, and a differential cell count was performed. The cytokines measured were the murine proinflammatory mediators TNF-␣ and IL-1␤, the murine immunomodulatory cytokine IL-6, and the murine neutrophil chemokines mip-2 and KC KC/N51. They were measured by enzyme-linked immunosorbent assay according to the manufacturer's recommendations (R&D Systems, Minneapolis, Minn.). Values that fell below the limits of detection for the assay were assigned a value equal to the lowest limit of detection for each assay. Cytokine concentrations were normalized for urea dilution (20) and expressed as nanograms/milliliter of ELF.
Comparing Cftr-knockout mice with gut-corrected Cftr-knockout mice. Gutcorrected Cftr-knockout and Cftr-knockout mice were fed the solid rodent chow Prolab 3000 or the liquid diet Peptamen, respectively, following weaning. Mice ranging in age between 6.9 to 8.9 weeks were inoculated with P. aeruginosa-laden agarose beads (5.4 ϫ 10 4 CFU/mouse; average bead size, 165 m in diameter) and sacrificed 3 days later. BAL was performed for enumeration of cells and cytokine analysis.
Comparison of diets in wild-type mice. C57BL/6J males were fed either the liquid diet Peptamen or the solid Harlan Teklad 7960 rodent chow starting at 3 weeks of age until the termination of the study. Mice were inoculated with mucoid P. aeruginosa-laden agarose beads (1.9 ϫ 10 4 CFU/mouse; average bead diameter, 123 m) at 6.3 weeks of age. The Harlan Teklad diet was chosen instead of the Prolab diet because the former contains 9% crude fat and the latter contains 5% crude fat; Peptamen contains 33% fat. Three days following infection, the mice were sacrificed, after which BAL was performed for cell counts and cytokine analysis.
Supplemental DHA. Cftr-knockout mice and their homozygous wild-type littermates were housed individually so that diet intake could be measured to ensure appropriate dosage of the fatty acid supplement DHA per animal. DHA was sonicated into the Peptamen to deliver 40 mg/day per os starting 7 days before inoculation with P. aeruginosa-laden agarose beads (0.5 ϫ 10 5 to 1.3 ϫ 10 5 CFU/mouse). Mice were 7.1 Ϯ 1.1 weeks of age when infected with P. aeruginosa. Since mice infected with P. aeruginosa do not eat as much as normal mice the first few days after infection (27) , mice were fed by gavage daily starting 4 days prior to infection with a 50-l bolus of Peptamen or Peptamen containing 40 mg of DHA to acclimate them to the procedure, which was continued until the completion of the study. The mice tolerated this procedure well. Mice were monitored daily for body weight and clinical appearance. Ten days after infection, the surviving mice were sacrificed by carbon dioxide in accordance with the 2000 Report of the AVMA Panel on Euthanasia followed by exsanguination by direct cardiac puncture. Cells in the BALF were enumerated. Statistics. Changes in body weight are represented as the percent change in body weight from day 0, when mice were inoculated with P. aeruginosa-laden agarose beads. Neutrophil counts are represented as the absolute number of neutrophils per milliliter of BALF and as the relative number or percentage of 1480 VAN Values of zero were assigned a value of one before log transformation of the data. As indicated, the Student t test, one-way analysis of variance (ANOVA), or the Kruskal-Wallis test was performed to assess differences between the different cohorts, followed by pairwise tests using Bonferroni's or Tukey's method to correct for multiple comparisons. Data are represented as means Ϯ standard deviations unless otherwise indicated. Cumulative survival rates were compared by using an exact 2 test. The criterion for statistical significance was P Յ 0.05.
RESULTS
Growth curve of Cftr-knockout mice, gut-corrected Cftrknockout mice, and wild-type mice. Figure 1 illustrates the growth of Cftr-knockout mice, their wild-type littermates, and the gut-corrected Cftr-knockout mice. Cftr-knockout mice weighed significantly less (P Ͻ 0.001) than their control littermates or gut-corrected Cftr-knockout mice at 1, 2, and 3 weeks of age. The gut-corrected Cftr-knockout mice and wild-type mice were similar in weight at weeks 1, 2, and 3.
Response of Cftr-knockout mice and gut-corrected Cftrknockout mice to lung infections with mucoid P. aeruginosa. Cftr-knockout mice and gut-corrected Cftr-knockout mice were inoculated with mucoid P. aeruginosa-laden agarose beads (5.4 ϫ 10 4 CFU/mouse; average bead size, 165 m in diameter). Three days later, the mice were sacrificed and BALF was collected. Although the gut-corrected Cftr-knockout mice weighed significantly more than the Cftr-knockout mice at the onset of the study (P ϭ 0.019), weight loss was comparable in the two groups following P. aeruginosa lung infection at all time points studied (P Ͼ 0.05) (Fig. 2) . In addition, there were no significant differences between the two cystic fibrosis strains in the numbers of cells in BALF 3 days after infection (Table 1) .
Although there were no significant differences (P Ͼ 0.05) in the levels of TNF-␣, IL-1␤, and IL-6 between the two strains of mice with cystic fibrosis, there were significant differences (P Յ 0.015) in the levels of murine neutrophil chemokines mip-2 and KC (Fig. 3) . For KC, the gut-corrected Cftr-knockout mice had higher levels, whereas for mip-2, the Cftr-knockout mice had higher levels.
Comparing diets in wild-type mice. C57BL/6J weanlings (20-days old) were fed either a diet of standard solid rodent chow, Prolab 3000, or the human liquid elemental diet Peptamen for 3 weeks prior to inoculation with mucoid P. aeruginosa-laden agarose beads (1.9 ϫ 10 4 CFU/mouse) on day 0. Three days later, the mice were sacrificed and BAL was performed for cell counts and cytokine analysis. The initial body weights of mice fed the different diets were similar, and following infection there were no differences in weight loss at any time point studied (Table 2 ). In addition, there were no significant differ-
and 3 weeks (7.0 Ϯ 1.1, 11.0 Ϯ 1.8, and 11.3 Ϯ 1.9 g, respectively) of age. An asterisk ‫)ء(‬ indicates a result that is significantly different from that for wild-type and gut-corrected Cftr-knockout mice (one-way ANOVA and pairwise comparisons made by using a Tukey test; P Ͻ 0.001).
FIG. 2.
Cftr-knockout mice (closed circles) (n ϭ 15) and gut-corrected Cftr-knockout mice (open triangles) (n ϭ 11) were weighed on day 0, after which the mice were inoculated preferentially in the right mainstem bronchus with mucoid P. aeruginosa-laden agarose beads. The mice were weighed daily thereafter. The gut-corrected Cftr-knockout mice weighed significantly more on day 0 than the Cftr-knockout mice (21.9 Ϯ 2.0 and 19.7 Ϯ 2.6 g, respectively; the unpaired Student t test, P ϭ 0.019). However, there were no significant differences (the unpaired Student t test, P Ͼ 0.05) in weight loss between the two cohorts following infection with mucoid P. aeruginosa. Data are expressed as means Ϯ standard deviations. Tg, transgene; d, day.
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ences in concentrations of proinflammatory mediators in ELF (Table 3 ) or in cell numbers (Table 4 ) between the two groups of mice. Dietary supplementation of Cftr-knockout mice with DHA. Starting 7 days before infection with P. aeruginosa-laden agarose beads and then throughout the remainder of the 10-day study, wild-type mice and Cftr-knockout mice were treated daily with DHA. All mice lost weight following infection (Fig.  4 ). ANOVA (with Bonferroni's multiple comparisons) showed that the baseline body weights of wild-type mice supplemented with Peptamen with or without DHA (25.6 Ϯ 2.2 and 27.3 Ϯ 3.2, respectively) did not differ significantly (the unpaired Student t test, P Ͼ 0.21) and that there were no significant differences (the unpaired Student t test, P ϭ 0.28) between the starting weights of similarly treated Cftr-knockout mice (20.9 Ϯ 1.3 and 21.9 Ϯ 2.4 g, respectively). However, Cftr-knockout mice weighed significantly less (the unpaired Student t test, P Ͻ 0.001) than their wild-type counterparts (21.4 Ϯ 1.9 and 26.5 Ϯ 2.8 g, respectively). Subsequent analysis indicated that percent weight loss was not significantly related to initial body weight; therefore, there was no adjustment made for initial body weight in further analysis. The weight loss of mice that died followed a much different (more downward) trajectory than that of mice that survived the course of the 10-day experiment ( Fig. 4) . Because the pattern of weight loss in mice that died was much different from that of those that survived, comparisons of weight loss among the four groups were made 4 days after infection (when no deaths had occurred due to the lung infection) and among survivors 10 days after infection. Four days after infection, there were no significant differences in weight loss among the four groups (P ϭ 0.09, one-way ANOVA), and post hoc Bonferroni's pairwise comparisons did not reveal any pairwise differences to be significant. There was a trend for the weight loss to be greater in the groups that later had deaths (wild-type mice supplemented with DHA and Cftrknockout mice supplemented with Peptamen alone or containing DHA) than in the groups where no deaths occurred (wildtype mice fed Peptamen alone). The mean weight change 10 days after infection did not differ among survivors in the four groups (P ϭ 0.97).
Mortality of infected mice began 5 days after infection. The cumulative survival rates of the different cohorts of mice were not significantly different (P ϭ 0.35; exact 2 test) (Fig. 5 ). The mortality rates of Cftr-knockout mice were the same regardless of treatment (33.3%). Wild-type mice who received supplements of DHA experienced a 25% mortality rate, but none of their sham-treated counterparts died.
Cell counts were determined from the BALFs of surviving mice (Table 5 ). There were no significant differences in relative or absolute macrophage or neutrophil numbers among survivors in the four groups. Relative numbers of lymphocytes were significantly different among the cohorts (P ϭ 0.023; KruskalWallis test); however, the only significant difference among the groups as determined by pairwise comparisons was between the Cftr-knockout mice receiving DHA and wild-type mice receiving a sham treatment. There were no significant differences in raw absolute cell counts (one-way ANOVA); however, statistical analysis using the natural log transformation of the data indicated that there were significant differences among the cohorts with respect to leukocyte counts (P ϭ 0.035). As determined by using post hoc Bonferroni's pairwise compari- FIG. 3 . Cftr-knockout mice (open bars) (n ϭ 7 to 8) and gutcorrected Cftr-knockout mice (solid bars) (n ϭ 15) were inoculated with mucoid P. aeruginosa-laden agarose beads. Three days later, the mice were sacrificed and BAL was performed. Inflammatory mediators were measured in the ELF by enzyme-linked immunosorbent assay. Gut-corrected Cftr-knockout mice had significantly lower levels of mip-2 (27.46 Ϯ 13.33 and 62.93 Ϯ 37.50 ng/ml of ELF, respectively) and significantly greater amounts of KC (10.60 Ϯ 4.93 and 5.32 Ϯ 2.53 ng/ml of ELF, respectively) than Cftr-knockout mice. Data are expressed as means Ϯ standard errors of the means. An asterisk ‫)ء(‬ indicates results that were significantly different from those for gutcorrected Cftr-knockout mice (P Յ 0.015). sons, only the Cftr-knockout mice that received supplements of DHA and wild-type mice that received supplements of Peptamen alone differed (P Ͻ 0.05).
DISCUSSION
The lung disease in cystic arises from early bacterial infection, which is not readily cleared, and an exuberant inflammatory response by the host. The tendency toward bacterial infection and the excess inflammatory response, probably both contribute to the persistent, progressive airways disease characterized by chronic Pseudomonas aeruginosa bronchopulmonary infection, chronic influx of neutrophils into the airway lumen, and persistence of the neutrophil response throughout the course of the disease.
The best available model of the inflammatory response to bronchopulmonary infection with P. aeruginosa is the agarose bead model (6, 21, 26) . In this model, P. aeruginosa is physically retained in the lungs by mechanical means, circumventing the normal host defenses, so this is not a model for the initial infection of the cystic fibrosis lung. However, mice develop a robust, though transient, neutrophil response to the P. aeruginosa-laden agarose beads (27) , and the character of this inflammatory response resembles that observed in the cystic fibrosis lung both histologically and in the pattern of cytokines in ELF. In addition, the mucoid nature of the bacteria is retained in both Cftr-knockout mice and wild-type mice after inoculation with mucoid P. aeruginosa-laden agarose beads, as indicated by culturing BALF on tryptic soy agar (data not shown). Moreover, this model responds to several therapeutic interventions (e.g., ibuprofen, antibiotics, and vaccines) in a manner similar to that of cystic fibrosis patients (1, 2, 15, 17) . This model was used to evaluate the effects of nutrition on the inflammatory response in cystic fibrosis.
Both Cftr-knockout mice and gut-corrected Cftr-knockout mice have lung inflammatory responses in excess of those of wild-type controls when they are challenged with P. aeruginosaladen agarose beads (14, 25) . The responses of Cftr-knockout mice and gut-corrected Cftr-knockout mice to P. aeruginosaladen agarose bead challenge were very similar. The gut-corrected Cftr-knockout mice grow in a fashion indistinguishable from that of wild-type mice, and in adulthood their body weights are comparable to those of wild-type mice; therefore, they are probably nutritionally replete. On the other hand, the Cftr-knockout mice do not grow as well and may be considered nutritionally depleted. Since there are differences in the diets fed to these two strains of mice with cystic fibrosis (gut-corrected Cftr-knockout mice can survive on normal mouse chow, whereas the Cftr-knockout mice cannot and are fed a liquid diet), the effect of diet alone on mice challenged with P. aeruginosa-laden agarose beads was tested. No differences were found. Therefore, the hypothesis that the excess inflammatory response in the Cftr-knockout mice arises from nutritional depletion alone was not supported.
A more specific nutritional deficit, lack of DHA, was suggested to contribute to the pathophysiology of cystic fibrosis, since supplementation with DHA protected Cftr-knockout mice against the excess inflammatory response to intratracheal lipopolysaccharides (LPSs) (12) . This finding suggested that DHA deficiency, or the accompanying increase in membrane arachidonic acid, contributes to the inflammatory response mounted by the cystic fibrosis lung. Therefore, the effect of DHA supplementation on the response of the cystic fibrosis lung to challenge with P. aeruginosa-laden agarose beads was tested, performed similarly to that for LPS challenge (12) . DHA pretreatment did not improve mortality rates for either Cftr-knockout or wild-type mice challenged with P. aeruginosaladen agarose beads. Mortality rates were not very high for either wild-type mice or Cftr-knockout mice in this study. It is possible that nutritional support provided by gavage, regardless of DHA content, improved the response to chronic lung infections with mucoid P. aeruginosa. In addition, the operator for making the agarose beads and the operator for inoculating the mice were different in this study than in the previous study (14) , and different operators for either procedure can lead to differential results between experiments (26).
There may be several reasons why DHA protects Cftr-knockout mice against an increased inflammatory response to LPS challenge (12) but not against the challenge of P. aeruginosaladen agarose beads. DHA is probably acting not simply to restore the normal DHA-to-arachidonic acid balance but rather in a pharmacologic manner, since DHA had similar effects on BAL lymphocytes and mortality in Cftr-knockout and wild-type mice. LPS is a classical macrophage stimulant (8) and has relatively little effect on the airway epithelial cells (19) , whereas P. aeruginosa-laden agarose beads must challenge the epithelium as well as the professional immune cells. If DHA supplementation improves macrophage defenses but has little effect on the epithelium, these factors could explain the results. One example of the possible differential effects of DHA may be its effect on the peroxisome proliferation activator receptor (PPAR) system, which has received considerable attention as an antiinflammatory system. PPAR is a nuclear receptor which, when occupied, can form dimers with the retinoid X   FIG. 4 . Change in body weight after infection with P. aeruginosa, with or without dietary supplementation with DHA. Mice with cystic fibrosis (circles) and wild-type littermates (triangles) were given supplements of DHA (closed symbols) prior to infection with P. aeruginosa-laden agarose beads on day 0. The controls were provided with Peptamen alone (open symbols). Body weights were determined starting just before infection and daily thereafter. Sample sizes at the beginning were 8 to 9 per group. Data is presented as the percent change from the initial body weight on day 0. Data are shown as means Ϯ standard errors of the means. Note that none of the wild-type mice on which gavage was performed with a sham treatment died. d, day. receptors, and the heterodimer can act as a transcription factor or as a down regulator of the inflammatory response (4). Both the ␣ and the ␥ isoforms of PPAR can participate in the down regulation of the inflammatory response. DHA interacts with and activates PPAR-␣ but not PPAR-␥ (3), and the dose of DHA given to the mice is sufficient not only to restore normal DHA levels but also to increase the levels well above normal (12) . In epithelial cells, only PPAR-␥ is expressed, whereas macrophages express both PPAR-␣ and PPAR-␥ (7, 9, 29) . Thus, DHA may down regulate inflammatory responses in macrophages but not in epithelial cells via the PPAR system. Other mechanisms of down regulation of inflammation by DHA are also possible, such as the down regulation of production of arachidonic acid-derived mediators due to reduction in membrane-incorporated arachidonic acid. If this mechanism is more important in macrophages, it could explain the reduced inflammation in response to LPS compared to that in response to P. aeruginosa-containing agarose beads. Therefore, it is possible that DHA correction is more important in the acquisition phase of P. aeruginosa infection, which is circumvented in the agarose bead model, but that when bacterial retention in the lung is established this correction is no longer beneficial. That Yu and colleagues' (30) results differed from our results is not necessarily surprising. Although we used the same strains of mice, the infection models we used were different. Specifically, the method of administration differed greatly. Yu et al. administered the bacteria by nebulizing the bacteria, whereas in this study the organism was embedded in agarose beads and surgically placed in the lungs of mice. It is likely that diet plays a significant role in innate host defense mechanisms to nonmucoid P. aeruginosa, as demonstrated by Yu et Whether diet plays a differential role in the response to mucoid versus nonmucoid strains was not determined.
In conclusion, there was no evidence that the diet of the Cftr-knockout mice or their intestinal disease and the accompanying nutritional deficit account for the excessive inflammatory response we and others have documented following challenges from P. aeruginosa-laden agarose beads. Moreover, dietary supplementation with DHA did not improve the clinical outcome of Cftr-knockout mice or wild-type mice in response to bronchopulmonary infection with P. aeruginosa. Other aspects of the cystic fibrosis lesion must explain the excess inflammatory response.
